INTRODUCTION
Coding of visual objects requires, even at intermediate neural processing levels, that the presence of an object should be assessed before its identity can be evaluated. Important perceptual steps in establishing object presence are the grouping of the object's local features and the segregation of this grouping from background. Three effects have been associated with these object grouping operations in monkey visual cortex: (i) higher spike rates in striate cortex neurons in response to stimulation by an object's surface compared to background stimulation [1] , (ii) selective activation of neurons in extrastriate cortex by contours that belong to an object [2] , and (iii) synchronization among those neurons in striate and prestriate areas that are activated by features of the same visual object [3] [4] [5] [6] . The latter hypothesis [7, 8] is supported by many indirect hints from recordings of single neuron activity in cats and monkeys in which signal correlations, particularly of cortical stimulus-induced g oscillations (at 35-80 Hz), conformed with perceptual Gestalt principles [3] [4] [5] [6] . Additional support came from recordings in striate cortex of monkey (V1) where neurons activated at g frequencies by an object stimulus had decoupled signals from neurons activated by the background [9] . However, recent data have demonstrated that synchronization at g frequencies is spatially restricted to a few millimeters in V1 of monkeys [10] . This means that g synchrony can only support feature binding within small object representations [11] . We therefore assume that figureground segregation is also only supported over a restricted range by stimulus-induced g synchrony. Finally, transient appearance of a visual object can evoke a single shot of synchrony with a broad frequency content across the object's entire neural representation in V1, and this synchrony may also support figure-ground segregation [12] [13] [14] [15] [16] .
The aim of the present study was to investigate neural signals, including their amplitude modulation and synchronization, associated with figure-ground segregation. In order to extract the perception-related response components from recordings in prestriate cortex, we created a challenging visual discrimination task in which a monkey had to group light blobs perceptually into a figure and segregate them from the identical distractor blobs of the background (Fig. 1) . For a proportion of trials (40%), the task was made so difficult that he failed to report the correct perceptual grouping in about 25% of these trials. This provided the opportunity to find perception-related response components by comparing responses to identical stimuli in correct and false trials.
We made recordings from prestriate cortex (V2) because a lesion study in V2 of monkey had demonstrated dramatic reductions in feature grouping and figure-ground discrimination in the visual field contralateral to the lesions, using similar stimuli as in our experiments [17] . However, the lesions did not impair high spatial resolution, which is attributed to V1. These observations support the notion that V2 is involved in the integration of local features and figureground segregation. A brief version of our work has been reported as a conference abstract [18] .
MATERIALS AND METHODS
Visual stimuli were presented via a computer monitor (20 inch, 98 Hz, 800 Â 600 pixel, 125 cm distance, grey background: 15 cd/m 2 , maximal stimulus contrast 98%). The stimuli had a circular diameter of 2.51 and consisted of 17-37 blobs with a Gaussian luminance profile (diameter at 2 s.d. 0.251). Each blob covered 12-50% of the receptive fields in prestriate cortex V2 (RF locations 01 to þ2.51 horizontal, 01 to À2.51 vertical). For each trial, the monkey was shown a cluster of uniform blobs (Fig. 1) . Within each cluster, the figure consisted of two parallel rows of blobs, whereas the rest of the blobs (distractors), served as background. In each trial the figure could have one of four orientations: horizontal (01), vertical (901), rightward sloping (451) or leftward sloping (1351).
In order to generate a nearly homogeneous distribution, blobs were displaced at random distances from a hexagonal grid. Blobs belonging to the figure could only be displaced along its given orientation whereas the distractors could be displaced in any direction. Blobs were not allowed to be in contact with each other. This procedure avoided spatial structures in the background which otherwise could easily have been learned by the monkey. For further assurance, we also generated new patterns for each recording session. With a given number of figure blobs (e.g. 2 Â 6), the difficulty of the task was increased by increasing the number of distractors.
Behavioural training required the monkey to detect the figure and indicate its orientation by pushing a key up (figure oriented either 01 or 451) or down (901 or 1351). Training began without distractor blobs until he reached a performance rating 4 95%. The number of distractor blobs was slowly increased over many learning sessions by keeping the hit rates relatively high (4 95%). During the final training and the recording sessions we used sets of stimuli with different numbers of distractor blobs, corresponding to different degrees of difficulty. Figure 1 shows examples from the set of the most difficult 40% of the stimuli, to which the monkey responded with a hit rate of 65-85%. Selection and comparison of these trials with about equal reaction delays, recorded with identical stimuli but different perceptions, reduced the number of trials usable for our analysis to about 33%. In each stimulus set we had in random order about 40% easy trials (7-10 distractors), to which the monkey responded 4 95% correctly.
Time course of stimulus presentation and behavioural control: When the monkey touched the key, a green fixation spot appeared (6.5 Â 6. 5 0 ; 39 cd/m 2 ; Fig. 2 ). The trial was terminated when he moved or released the key or failed to keep fixation (controlled by an infra-red camera system; resolution: 50 Hz, 0.11). The monkey was only rewarded when he did not interrupt the trial early and managed to react correctly to the stimulus. We applied the stimuli in pseudo-random order such that each key position occurred equally often.
Test of correct task performance: We used the different degrees of task difficulty (defined by the number of distractor blobs in relation to target blobs; see Fig. 1 ), varied in each series of figure-ground discriminations, for testing whether the monkey performed his task correctly. This is possible because response delay is known to increase systematically with difficulty in a broad variety of sensory tasks in human and non-human primates. We measured this relationship (with normally sighted human subjects by using the same stimulation apparatus) by plotting both hit rate and mean response delay against the number of distractors. These graphs were highly similar to those obtained from the monkey data (not shown here), which is taken as evidence that most of his responses were related to his perception.
For data evaluation only those stimulus configurations with correct response rates of 65-85% were selected. This reduced the probability of including false responses that were not guided by the monkey's perception, but were due to potential random activations of the response key at will, or due to reduced attention and drowsiness.
Animal preparation: Experiments were performed on a 7-year-old male rhesus monkey (Macaca mulatta). Preparation and recordings were carried out as reported previously [11] in accordance with both German Laws of Animal Maintenance and Experimentation and the guidelines published in the NIH Guide for the Care and Use of Laboratory Animals (NIH publication no. 86-23, revised 1987). Briefly, three bolts were affixed under general anesthesia to the skull for painless head fixation in addition to a chamber (8 mm o.d.) giving access to visual cortical areas V1 and V2 through the intact dura. After several days of recovery recording sessions started.
Data recording was made via a 7-channel microelectrode matrix [19] (hexagonal spacing 1.5 mm). From the broadband signal (1 Hz-10 kHz) multiple unit activity (MUA) was extracted by band-passing (1-10 kHz; 18 db/oct), full-wave rectification and low-pass filtering (140 Hz; 18 db/oct). Local field potentials (LFP) were obtained by band-passing (1-140 Hz). Both analog signals were sampled at 500 Hz.
Mapping of classical receptive fields (CRFs): We determined both the positions (centres of mass) and the sizes (71% level contours) of binocular CRFs with the RFcinematogram method [20] , which yielded results close to those obtained with the method of the minimum response field. We also determined CRF-sizes based on LFPs, which are about 30% larger than those calculated from multiple unit activities (MUA-CRFs) [9] .
Verifying the recording positions in prestriate cortex (V2): Initially, electrodes were driven singly into the upper layers of striate cortex (V1), and CRF positions were determined. Subsequently, electrodes were driven further down to the white matter with intermittent measurements of depths and CRF properties. When they approached layer 5/6 of V2, indicated by soma spikes, CRF positions were displaced from the previously measured CRFs in V1 and they were larger [21] . Soma spikes in layers 5 and 6 of V1 and V2 have durations 4 1 ms, while fibre spikes in the white matter below V1 and V2 are o 0.5 ms. Only those recordings from V2 locations were selected for detailed analysis in which a well defined MUA-CRF could be determined that covered Z 50% of the area of figure blobs. Before the figure-ground task started, stimuli were adjusted in their positions relative to the CRFs so that as many as possible of the CRFs overlapped the figure blobs (Fig. 3) .
Coherence: A quantitative measure of synchrony was computed for recordings from electrode pair locations of neurons activated by figure blobs. We used single-trial coherence estimation based on spectra that were smoothed by convolution with a triangular spectral window in the frequency domain (eqn 1). Analysis was performed with a sliding time-window (duration 128 ms, i.e. spectral resolution B8 Hz, overlap of successive epochs 87.5%). After subtracting its mean value, each epoch was multiplied by a Hamming window (before the Fourier transformation) in order to reduce spectral leakage.
Coherence values were corrected for their bias [22] (eqn 2), which depends on the coherence value itself and the energy content of the smoothing windoŵ
Tests for significant differences: These were performed between correct and false decisions for response amplitudes (not shown) and coherences for all frequencies and time epochs (Wilcoxon rank-sum test; Fig. 4ae ,be). For these tests we selected pairs from correct and false decisions which were recorded under identical stimulation and had a maximal difference in response delay of o 64 ms (in order to keep their statistical properties as similar as possible). Averages were aligned to stimulus onset (Fig. 4a) and to the monkey's behavioural response (Fig. 4b) . This was done for both LFP (Fig. 4) and MUA (not shown). As we tested a period of about 1s at a temporal resolution of 16 ms, significance values were Bonferroni-corrected for 58 single tests.
RESULTS
We recorded LFP und MUA from 26 positions in six recording sessions. Due to the constraints explained in Materials and Methods and the selected degree of difficulty, the monkey made more correct than false decisions (Fig. 4Aa,Ba) . Time-resolved coherence from pairs of single-trial responses: Fig. 4 shows time-frequency maps of coherence among recorded pairs representing figure locations. For Fig.  4A we averaged with respect to stimulus onset, separately for correct and false decisions. In both plots a strong stimulus-locked component is visible with broad-band coherence about 60 ms after the stimulus contrast begins to rise. The following epoch of strong coherence is also due to stimulus-locking; it is confined to a band of 0 to 20 (35) Hz and is similar for correct (Fig. 4Ab) and false (Fig. 4Ac) decisions. About 300 ms after stimulus onset a highfrequency component appears at 80 (70-90) Hz, slowing down during the next 500 ms to about 60 (50-70) Hz. This late component is slightly stronger for correct decisions (4Ad). Tests revealed no highly significant differences between correct and false decisions at any time window or frequency band. These tendencies for LFPs are also valid for MUA. However, MUA coherences and their significance scores were generally lower (not shown) [9] .
Since the monkey indicated his perception over a large range of delays (0.7-2.5 s), and since perception-related changes in coherence may occur within a fixed time window before the monkey's reaction, we aligned the recordings in a second analysis to the behavioural response (Fig. 4B) . Even though the average maps for correct (Fig.  4Bb) and false (Fig. 4Bc) decisions look rather similar, the difference map (Fig. 4Bd) shows short increases in coherence for correct against false decisions around 450 and 250 ms before the monkey's response. These events are highly significant (p o 0.001). For both types of averaging we also made time-frequency analyses of MUA and LFP amplitudes. However, they did not show any significant differences between correct versus false decisions.
DISCUSSION
We show here for the first time that perceptual grouping and figure-ground segregation is correlated with a highly significant phase-locking appearing at g frequencies in prestriate cortex of a monkey. It is visible in the differences between coherences during correct versus false decisions under identical stimulation during a short period before the monkey's response (Fig. 4Be) . Perception-related differences in coherence were not found in the low frequency ranges and also not in amplitude measures of MUA and LFP. Our findings suggest that transient phase coupling may support perceptual figure-ground segregation, without larger modulations in spike rates. We have found no literature with animal recordings investigating this topic. In agreement with our findings, a perception-related increase of phase coupling (50-100 ms) was exclusively seen in the g band of human EEG recordings [23] . These authors reported a perception-related increase in g energy at single scalp sites (e.g., at O1) during figure-ground tasks. This suggests that a synchronization occurred within the area seen by an EEG electrode in the occipital region, which is comparable to the 3-6 mm coherence range in monkey striate cortex [11] . Even though attention may not be separable from figure-ground perception in our experiment, single unit recordings from monkey visual cortex V4 seem interesting, which demonstrated small but significant attention-related increases in g synchrony without spike-rate modulations [24] . Since neurons in visual area V4 massively project back onto those in V2 [25] , the increase of y coherence we found in V2 may be induced or enhanced by attentional effects in V4.
The absence of perception-related changes of spike rates indicates that several mechanisms previously proposed to support figure-ground segregation may not operate under the conditions of our investigation. For example, Lamme and co-workers assumed that a long latency spike-rate enhancement (i.e. increase of MUA) in striate cortex (V1) at recording locations of object surface representations relative to those of backgrounds supports figure-ground segregation [1] . Since this effect has been demonstrated for V1 neurons, their convergence on V2 neurons should induce the same effects there. This did not appear to be the case since we did not find modulations in MUA spike rates related to the perceptual segregation of figure from ground (39 positions). In addition, Zhou and co-workers reported that some neurons in V1 (18%), and most (4 55%) in V2 and V4 carry information in their early spike responses about how local features at contours belong to objects [2] . These neurons, therefore, may well contribute to perceptual figure-ground segregation by discharging higher rates with stimulation by inside object positions compared to outside positions. However, their response specificity seems to play no role in discriminating correct from false figure-ground perceptions in our recordings, because the short latency spike responses activated by object locations were not modulated by the monkey's perception. Finally, basing figure-ground segregation on spike rate differences at object versus background representations seems not very helpful because spike rates in visual areas V1 and V2 depend mainly on local feature contrasts and these can vary in any location, independent of whether they belong to figure or ground.
In a simple reaction task (dimming of the fixation spot) our same monkey reacted at narrowly distributed delays around 230 ms. If we assume that the observed states of short phase-locking (about 430 and 270 ms before response) are necessary for the monkey to perceive the figure against the background, there would be about 200 ms (and 40 ms, respectively) left for forming the perception and transforming it to the correct motor output. In principle, it is also possible that the increased coherence reflects an internal GO-command and is not directly correlated with the perception of figure against ground. Further investigations have to elucidate these and other possibilities.
CONCLUSION
In our perceptual task for the monkey figure differs from background only in the spatial correlation among figure blobs. The monkey had to bind this configuration perceptually in order to segregate it from ground. We made the task so difficult that the monkey made sufficient errors for the comparison of responses to identical stimuli with correct and false perceptual outputs. This enabled us to search for signal components related to the perceptual segregation of figure against ground. Only in the g frequency band (35-90 Hz) did we find a highly significant effect in prestriate cortex: a short phase-coupling before correct perceptual responses. No such perception-related modulations in synchrony were present in any of the lower frequency bands, nor did we find modulations in amplitude time courses of spike densities or local field potentials. Our results therefore suggest that perceptual binding for figureground segregation is supported by phase-coupling at g frequencies in prestriate cortex without modulations in amplitudes. This makes sense because local feature contrasts are coded by amplitudes (e.g. spike densities) and local contrasts often appear independently from perceptual groupings.
